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4BSTRACT 

I Qf a C a l c u l a t i o n s  are peTformed t o  de t e rmine  t h e  i n f l u e n c e  
, 

l a y e r  of molecu la r  hydrogel 

s e n c e  has  been r e c e n t l y  SUI 

e s c a p e  rate and a l t i t u d e  d. 

thermosphere ,  I t  is concli  

hydrogen has  l i t t l e  a f f e c t  

gen  . 

i n  t h e  lower  thermosphere ,  whose pre- 

g e s t e d  by Bates and  Nicolet, on t h e  

s t r i b u t i o n  of a t o m i c  hydrogen i n  t h e  

ded t h a t  t h e  p r e s e n c e  of molecular 

on t h e  d i s t r i b u t i o n  of atomic hydro- 

I 

15 
T h i s  work was completed w h i l e  t h e  a u t h o r  was v i s i t i n g  t h e  Southwest  

C e n t e r  f o r  Advanced S t u d i e s ,  Dallas, Texas ,  U. s8 A, 



1. I n t r o d u c t i o n  

The abundance of hydrogen i n  t h e  E a r t h ' s  a tmosphere  i n  t h e  
I 

r e g i o n  of and below 100 km:has been c o n s i d e r e d  r e c e n t l y  by Bates 

and Nicolet (1) . They have !no ted  t h a t  t h e  reaction, 

( 1 )  n t H O ~  ' *  H2 + O2 

I 

may be an impor t an t  s o u r c e  !of hydrogen molecu le s  i n  t h e  mesosphere,  

Assuming t h a t  t h e  hydrogen k o l e c u l e s  are  los t  th rough  t h e  p r o c e s s ,  _--  I ---L 

I 

H2 + 0 OH + H (2a)  
I 

t h e  OH f u r t h e r  r e a c t i n g  through t h e  p r o c e s s ,  

OH t 0 4  O2 t H (2b) 

t h e y  have concluded  t h a t  a l a y e r  of hydrogen molecules is  formed 

whose c o n c e n t r a t i o n  is conce ivably  w e l l  above t h a t  of atomic hydrogen 

a t  t h e  100 km l e v e l ,  

t h rough  t h e  thermosphere  be ing  conver ted  t o  atomic hydrogen by p r o c e s s e s  

( 2 4  and (2b). Bates and Nicolet") have n o t e d  t h a t  t h i s  mechanism would 

I 

I 

I 
The molecu la r  hydrogen would flow upwards 

I 

I 

t e n d  t o  i n c r e a s e  t h e  e s c a p e l r a t e  of atomic hydrogen. 

I n  t h i s  p a p e r  t h e  i n f luence  of hydrogen molecu le s  on t h e  e s c a p e  

ra te  and d i s t r i b u t i o n  of atomic hydrogen is i n v e s t i g a t e d .  

2. Diffus ion  Equa t ions  

The d i s t r i b u t i o n s  of a t o m i c  and m o l e c u l a r  hydrogen,  assumed t o  

be minor a tmosphe r i c  c o n s t i t u e n t s ,  are d e s c r i b e d  by t h e  e q u a t i o n s ,  
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L - = -n P 
dz 

- I $ ~ / Q ~  2 2  

do2 - = -Bn2n(0) 
dz  

i 

where,  

(7) m d P. = [ ( l y  
i 

t ( l t a .+h . ) -  lnTJ / ( l+Ai)  
1 1 i dz  

and 4 

Qi = D i ( l + A i )  

The c o n c e n t r a t i o n s ,  f l u x e s ,  scale h e i g h t s ,  m o l e c u l a r  d i f f u s i o n  coe f -  

f i c i e n t s ,  r a t i o s  of t h e  eddy t o  molecular  d i f f u s i o n  coeff ic ients ,  and  

t h e r m a l  d i f f u s i o n  f a c t o r s  of t h e  g a s e s  are dexioted by n ,  0, H ,  D ,  * and 

a r e s p e c t i v e l y  wi th  i d e n t i f y i n g  s u b s c r i p t s  1 f o r  atomic hydrogen and  2 f o r  

molecular hydrogen. T i s  t h e  &as t e m p e r a t u r e ,  B is t h e  ra te  c o e f f i c i e n t  

of p r o c e s s ( 2 a ) , m  is t h e  nean mass p e r  p a r t i c l e  of t h e  a tmosphere ,  and 

n ( 0 )  is t h e  c o n c e n t r a t i o n  of atomic oxygen. The rate c o e f f i c i e n t ,  8 ,  of 
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( 2 )  ( 2 a ) h a s  been measured by Clyne and  Thrush o v e r  t h e  t e m p e r a t u r e  

range  409OK t o  733OK Riving ,  

-13 T1/2 3 -1 B = 6x10 exp(-4450/T) c m  sec 

The molecu la r  d i f f u s i o n  c o e f f i c i e n t s  were t a k e n  t o  b e ,  

/N 
18 .,,1/2 D1 = 2 x 1 0 ,  

and 

(9) 

(10) 

where N is t h e  t o t a l  a tmosphe r i c  gas  c o n c e n t r a t i o n  and t h e  t h e r m a l  

d i f f u s i o n  f a c t o r s  were t aken  to  be, 

a = - 0 , 2 5  and a = 0 . 3 3  1 2 

3 ,  Model Atmospheres 

( 1 2 )  

I n  t h e  r e g i o n  above 120 km t h e  c o n c e n t r a t i o n s  of t h e  major  con- 

s t i t u e n t s  and t h e  t empera tu re  were r e p r e s e n t e d  by t h e  model i n t r o -  

duced by Bates , The t e q p e r a t u r e  is g i v e n  by ( 3 )  
I 

and t h e  number d e n s i t y  of domponent X by, 
I r 

6 

. 
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H(120 km/X) is t h e  scale h e i g h t  of component X a t  t h e  r e f e r e n c e  

a l t i t u d e  of 120 km and Cis t h e  g e o p o t e n t i a l  h e i g h t  above t h i s  

reference leve l .  

from T-. 

The t e m p e r a t u r e  a t  t h e  escape l eve l  d i f f e r s  l i t t l e  

I t  was assumed t h a t ,  

10 -3 cm n(120 km/O) = 7.25 x 10 

n(120 km/N2) = 4.02 x 10 11 cm-3 

10  -3 
cp n(120 km/02) = 7.01 x 10 

dT = 1 5 O K / k m  
2 ~ 1 2 0  km (z) T(120 km) = 2 9 5 O K ,  

B e l o w  120 km t h e  t empera tu re  was assumed t o  I t a k e  t h e  form 

w i t h  

( 2 0 )  

(21) 
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where 

/T( 120 km) dT 
d = (z) 

2=120 km 
and 

I t  w a s  also assuned  t h a t ,  

(26) 

i n  t h i s  lower r eg ion .  The v a l u e s  chosen fo r  t h e  a tmosphe r i c  p a r a m e t e r s  

are c h a r a c t e r i s t i c  of t h e  mean of t h e  so la r  The d i s t r i b u t i o n  

of a tomic  oxygen is of some importance s i n c e ,  though r e a c t i o n  (2a)  it is 

r e s p o n s i b l e  for  t h e  d e s t r u c t i o n  of molecu la r  hydrogen. It  i s  d i f f i c u l t  
I 

t o  d e s c r i b e  i t s  d i s t r i b u t i o n  i n  t h e  r e g i o n  below 120 km s i n c e  t h i s  is 

c o n t r o l l e d  by t h e  upw a l i f f u s i o n  (molecu la r  and eddy)  and d i s s o c i a t i o n  
i 

of molecu la r  oxyRen. The work of C o l e p o v e ,  Hanson and Johnson (5) 

a p p e a r s  t o  i n d i c a t e  t h a t  between LOO km and 120 km, a t o m i c  oxygen is 

best  r e p r e s e n t e d  as f o l l o w i n g  its own constant scale height, H(12O !r.m/O), 

r a t h e r  t h a n  a n i x i n g  s c a l e  h e i g h t  and t h i s  v a r i a t i o n  was adop ted  h e r e r  

Fig.  1 shows t h e  l i f e t ime  of a hydrogen molecule  d e f i n e d  by 

as a f u n c t i o n  of  a l t i t u d e  f o r  t h i s  model a tmosphere for  t h e  cases of 

Tm of ( 1 3 )  equal t o  lOOQOK and 1750°K, 

c h e m i s t r y  is of l i t t l e  impor tance  below 120  k;n. 

It  can b e  s e e n  t h a t  t h e  
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4, S o l u t i o n  of t h e  D i f fus ion  Equa t ions  

Eqs. ( 5 )  ar.d (6) imply t h a t  QI + ;!Oi is c o n s t a n t  wi th  a l t i t u d e ,  2 

A t  t h e  esca?e  l e v e l ,  t aken  t o  be a t  500 km, O2 was s e t  t o  z e r o  so 

t h a t  

+ 2 9  = F ( 2 8 )  

where F is  t h e  e scape  f lux  of atomic hydrogen g i v e n  approx ima te ly  by,  

exp~-7010/T(500 km)] , 

i . 
Eqs, ( 3 1 ,  ( 4 )  and ( 5 )  were numer i ca l ly  i n t e g r a t e d  downwards 

from t h e  500 km l e v e l  t o  t<e 100 km l e v e l  w i t h ,  

S i n c e  t h e  e q u a t i o n s  a r e  l i n e a r  t h e  c h o i c e  of n (500 km) i s  a r b i t r a r y .  

S o l u t i o n s  were o b t a i n e d  f o r  s e v e r a l  v a l u e s  of n (500 km) and for  T, 

of (13) e q u a l  t o  750°K, 1000°K, 1250°K, 1500OK and 1750OK. 

1 

2 

The w o r k  

of Colegrove  e t  a l ,  ( 5 )  i n d i c a t e s  t h a t  t h e  eddy d i f f u s i o n  coeff ic ient  

-1 6 2  5 2 -1 
may l i e  i n  t h e  range  8 x 10; cm 

a t  t h e  100 km l e v e l  D, h a s  a va lue  of 3.4 x 10  6 2  c m  

7.3 x 10 cm sec-l  a t  1 2 0  km t h e  i n c l u s i o n  of eddy d i f f u s i o n  is 

of i n t e r e s t .  C a l c u l a t i o n s  were therefore performed w i t h  t h e  eddy 

d i f f u s i o n  c o e f f i c i e n t ,  DE, s e t  equa l  t o  zero, 2 x 1 0  cm sec and 

4 x 10 c m  sec a t  all a l t i t u d e s .  

sec to 8 x 1 0  c m  sec . S i n c e ,  

scc -1 r i s i n g  t o  
A 

7 2  

6 2  -1 

6 2  -1 

( 2 9 )  
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2 Equat ions  ( 4 )  and ( 6 )  do n o t  i nvo lve  n s o  t h a t  t h e  s o l u t i o n s  n 1 

and O2 may be o b t a i n e d  independent  of t h e  n 

shows  w 

t h e  100 km l e v e l  as w e l l  a s  w 

atonic hjjdrogen a t  t h e  190 km l e v e l  i n  t h e  absence  of m o l e c u l a r  

d i s t r i b u t i o n .  Tab le  1 

(100 km), t h e  d i f i u s i o n  v e l o c i t y  of molecu la r  hydrogen a t  

(100 km), t h e  d i f f u s i o n  v e l o c i t y  of 

1 
\ 

2 

1 

hydrogen, 

d i f f u s i o n  c o e f f i c i e n t ,  DE, and  t h e  t empera tu re ,  T, 

d i f f u s i o n  c o e f f i c i e n t s  a;lpear t o  be l a r g e  enough t o  p r e v e n t  any 

The r e s u l t s  a r e  g i v e n  for v a r i o u s  v a l u e s  o f  t h e  eddy 
1 

The m o l e c u l a r  

s i g n i f i c a n t  de2endence of t h e  s o l u t i o n s  on D 
I E '  
1 

If both  components fo l lowed  a mixing d i s t r i b u t i o n  a t  low a l t i t u d e s  

t h e  a p p r o p r i a t e  d i f f u s i o n  v e l o c i t i e s  fo r  w (100  km) and w (100 km) 1 2 
-1 -1 >k 

would be 4.9 c m  sec and  2:2 c m  sec r e s p e c t i v e l y  . I t  can  t h e r e f o r e  

b e  s e e n  from t h e  t a b l e  t h a t t t h e r e  i s  a d e p a r t u r e  from t h e  mixing 

d i s t r i b u t i o n  a l though  it is n o t  very s i g n i f i c a n t ,  Except  a t  low 

t e m ? e r a t u r e s ,  when t h e  escape flux is  small enough t o  c a u s e  t h e  a t o n i c  

hydrogen d i s t r i b u t i o n  t o  fol low its own scale h e i g h t  t o  lower a l t i t u d e s  

t h a n  a t  h i g h e r  t e n p e r a t u r e s ,  t h e  r e s u l t s  are r a t h e r  i n s e n s i t i v e  t o  Tm . 
I t  is a l so  p o s s i b l e  t o  d e r i v e  a r e l a t i o n s h i p  between n and n 2  

I 1 
independent  of t h e  boundary c o n d i t i o n s  and hence deduce t h e  effect  of 

,'r 
These f i g u r e s  depend on t h e  ~ ~ ~ i e l  a tmosphere choosen and the v a l u e s  

a s s i g n e d  to t h e  d i f f u s i o n  c o e f f i c i e n t s  D1 and D2, For example,  

(6) -1 Kochar t s  and Nicolet o b t a i n  a v a l u e  of 2.5 cm sec f o r  w (100 km). 1 
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1' nolecl ; lar  hydroZen on t h e  e s c a p e  f l u x  of a t o n i c  hydrogen. Let n 
J. .. 

4 a n d  n $1 , be r e s p e c t i v e l y  s o l u t i o n s  t o  t h e  d i f f u s i o n  e q u a t i o n s  4 1 1 ... t 

I t  can  he shown t h a t ,  
2 '  corresponding  t o  t h e  s c l u t i o n s  n and n 2 

v h e r e  

The boundary c o n d i t i o n  on r is  tha t  Y(503 kn)  = 0 s i n c e  n (500  km) 

and n ( 5 0 8  k m )  were ar i ) i t rar i i ; r  f i x e d  a t  10  , G is t h u s  independent  

of t h e  d i s t r i l m t i o n s  nl ,  n: n3, and n 

a i t i t u d e s ,  n becomes t h e  a tomic  hydrocen d i s t r i b u t i o n  o b t a i n e d  when 

1 
5 ... 

1 
2. .'. J. 

S e t t i n g  n = 0 a t  311 
2 '  2 

:'r 

1 

nolocular hydrogen is aLsent, tier.oted by n ( 0 )  * Thus ( 3 2 )  g i v e s ,  1 

Table 2 g i v e s  t h e  v a l u e s  of r (100 kn) o b t a i n e d  from t h e  n u r e r i c a l  

s o l u t i o n s  f o r  t h e  e x o s p h e r i c  t r  , p e r a t u r e s  and eddy d i f f u s i o n  coef- 

: . r l e n t s  c o n s i d e r e i .  

Weasurements of tile Terrestrial  a b s o r p t i o n  of Solar 1.ynan-a 

7 -3 
r a d i a t i o n  i n d i c a t e  t h a t  n ~ (100 k m ) W  10 c m  . I f  t h e  esca?e f l u x  1; 

i n  t h e  absence of r?oLecuiar i.;ydrop,en is t o  he auKmented Dy a f a c t o r  
' I  - 3  

f w h i l e  still r n a i n t a l n i n E ' n .  (160 Kr.1 = 10 c m  t h e n  i t  follows 
A 



3 a r e s  a n d  N i c o l e t  (') f i n d  t h e  t o t d i  upwarc? f l u x  of hydroEen a t o n s  

(both f r e e  and conbined)  f q o m  t h e  lower atmos7here t o  be a 5 o u t  8 x 10 

cn 

7 

-?  - 
sec which must e l m i  t h e  escape  f lux . '  TaSle  2 shows t h e  

v a l u e s  of n ( i o 0  km), c a l c u l a t e d  from (341, necessai-y to augment t h e  

e s c a p e  f l u x  i n  ?!le absence  of molecu la r  hydrogen t o  t h i s  v a l u e .  For  

2 

7 3 I 

exanFle  about  1.32 x 1 0 '  and  1 .2  x 10 hydroKen molecules /cn  a r e  0 

r e q u i r e d  a t  100 k m  for the cases of T = lOOOOK and 175O0K r e s p e c t i v e l y  

w i t h  t h e  eddy d i f f u s i o n  c o e f f i c i e n t  DE = 4 x 10 cm sec . F i g s ,  2 and 

3 show t h e  a t o n i c  and m o l e c u l a r  hydrogen d i s t r i b u t i o n s  and f l u x e s  for 

6 3  -1 

t h e s e  t w o  cases. The dashed curves  show t h e  d i s t r i b u t i o n s  of atomic 

hydrogen i n  t h e  clhsence of molecu la r  hydrogen w h i l e  s t i l l  p roduc ing  

t h e  sane e s c a p e  f l u x .  I t  can be s e e n  t h a t  t h e  atomic hydrogen d i s -  

t r i b u t i o n  is nct s e r i m s l y  a f f e c t e d  by t h e  p re sence  of molecu la r  hy- 

drogen ,  Y i R .  I i n d i c a t e s  t5at the Ereatest amount of atomic hydrogen 

i s  produced i n  t h e  r e c i o n  of ?PC kn which is above t h e  region where 

t h e  E r a b i e n t  i n  t h e  atoiiiic kydrogen d i s t r i b u t i o n  is grea tes t .  I t  

is t h e r e f o r e ,  nor s u r p r i s i n q  t h a t  t h e  p re sence  of molecu la r  hydrogen 

i n  s i g n i f i c a n t  G u m t i t i e s  does not s e r i o u s l y  d i s t o r t  t h e  a ton ic  hy- 

drogen d i s t r i b a t  ion.  

5. Conclus ions  

it a p p e a r s  t h a t ,  a t  t h e  100 km l e v e l ,  a c o n c e n t r a t i o n  of molecular 

hydrogen compara~ le  t o  t h e  a tomic !iy(!ror,en concentrat ion i s  cons is ten t  

w i t h  yhe e s t i n a t e d  f l u x  o f  hydro:?en frm t h e  lower a t x o s 7 h e r e .  The 

a l t i t u d e  d i s t r i h : i t i o n  of a t o n i c  ';iydroi.,en i s  n o t  a p p r e c i a b l y  a f f e c t e d  by 

t h e  p r e s e n c e  of t h e  n o l e c u i a r  s p e c i e s .  
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CAPTIONS 

F igure  1 L i f e t i n e  of a hydrogen molecule as a f u n c t i o n  of a l t i t u d e  

as r e g a r d s  d e s t r u c t i o n  through process  (2a) of t h e  t e x t .  

f i g u r e  2 D i s t r i b u t i o n  and f l u x e s  of a t o m i c  and  molecular hydrogen 

co r re sFond ing  t o  an e s c a p e  f l u x  of a t o n i c  hydrogen of 8 x 10 

sc , - l  f o r  T- = 100G°K. 

7 - 3  c m  

The dashed c u r v e  i s  t h e  d i s t r i b u t i o n  t h a t  

viould be o b t a i n e d  i n  t h e  absence of m o l e c u l a r  hydrogen. 
I 

I 

1 f i g u r e  3 D i s t r i b u t i o n  and f l u x e s  of  a tomic  and m o l e c u l a r  hydrogen 

co r re spond ing  t o  an e s c a p e  f l u x  of atomic hydrogen of 8 x 1 0  7 cm -2  sec -1 : 
j 
I 
i f o r  ToD = 1750OK. The dashed cu rve  i s  t h e  d i s t r i b u t i o n  t h a t  would be 
I 

o b t a i n e d  i n  t h e  absence of molecu la r  hydrogen. 
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